Sessile drop formation, also called drop deposition, has been studied as a potential medical diagnostic, but the effects of complex biofluid rheology on the final deposition pattern are not well understood. We studied two model biofluids, blood plasma and synovial fluid, when deposited onto slightly hydrophilic substrates forming a contact angle of 50-90°. Drops were imaged during the evaporation process and geometric properties of the drop, such as contact angle and drop height, were calculated from the images. The resulting dried biofluid drops were then examined using light microscopy and Raman spectroscopy to assess morphological and chemical composition of the dried drop. The effect of substrate contact angle (surface wetting) and fluid concentration was examined. We found that when biofluids are deposited onto slightly 
Introduction
Sessile drop formation, also called drop deposition, occurs when a small-volume drop (2-10 µl) of fluid is placed onto a flat substrate and allowed to dry. Drop deposition is used to characterize solid surfaces, model fluid dynamics, monitor polymer film drying, and examine macromolecule conformation. [1] [2] [3] In the simplest model of drop deposition, a pinned contact line forms at the edge of the drop immediately after deposition. As solvent evaporates, capillary flow transports solute toward the contact line and the drop typically dries as a ring-shaped deposition, with components coarsely separated. 4, 5 Equally important to formation of a ring-shaped deposit is suppression of Marangoni flow, which recirculates flow toward the drop center. 2 Fluid rheology, solute-substrate interaction, and drying conditions also influence the final shape of the dried drop. [6] [7] [8] Depending on the fluid properties and drying conditions, the resulting dried drop can be either ring-shaped, with components coarsely separated, or a uniform deposition. Both theory and experiments have shown that complex fluid flows and interactions guide the evaporation process even in the simplest of systems. 9 Drop deposition is well suited for examining low abundance biofluids, such as tears, synovial fluid or spinal fluid, because there is often not enough fluid to analyze using standard chromatography or electrophoresis techniques. 10 Biofluids can be prepared using drop deposition and the same dried drop can be examined using multiple analytical techniques, such as light microscopy, atomic force microscopy (AFM), matrix-assisted laser desorption/ionization (MALDI) mass spectrometry, acoustic-mechanical impedance or optical spectroscopy. Multiple data obtained from single microliter-sized drop are related to the physical and chemical properties of the biofluid. In particular, Raman spectroscopy of dried protein drops provides chemical composition and molecular structure information. [11] [12] [13] [14] [15] A combined Raman spectroscopy/drop deposition analysis provides molecular markers associated with eye infection in tear fluid and osteoarthritis in synovial fluid. 16, 17 Despite the diagnostic potential of biofluid drop deposition, the fluid dynamics that govern biofluid drop deposition are poorly understood because they exhibit non-Newtonian rheology and are chemically heterogeneous. The first goal of this study was to build an experimental framework to understand the fluid dynamics in biofluid drop deposition because they directly affect the final deposition pattern and may affect the thickness and chemical heterogeneity of the outer ring. Plasma was studied as a model viscous biofluid because it is studied for biomarkers of obesity and cardiovascular disease. 18, 19 Synovial fluid was used as a model viscoelastic biofluid because its rheology and chemical composition are studied as markers of osteoarthritis. [20] [21] [22] Two models of drop evaporation, the piling model proposed by Deegan et al and the piling-tobuckling model proposed by Kajiya et al., were considered in describing the evaporation behavior of biofluids. 1, 5, 23 In both models, capillary flow drives outward flow toward the drop edges and Marangoni flow recirculates flow from the drop edges toward the drop center. Most drops are formed by the piling model in which a contact line is fixed immediately after deposition. As solvent evaporates, capillary flow transports solute toward the contact line and the drop typically dries as a ring-shaped deposition. For highly-concentrated polymeric drops deposited onto hydrophobic surfaces (θ c > 85°) the evaporation can be modeled using the pilingto-buckling phenomenon, where the contact line is initially pinned but becomes unpinned. After the contact line becomes unpinned, the drop shrinks uniformly and a second contact line pins to the substrate. The final deposition pattern is typically in the shape of a uniform dot with a dimple in the drop center. We collected geometric profiles of drying biofluid drops and compared our data with profiles expected from the piling and piling-to-buckling model. The piling and piling-to-buckling models have different effects on the geometric properties, such as drop height, radius and contact angle. In the piling model of drop formation, the drop height and contact angle are expected to decrease uniformly as solvent is evaporated because capillary flow is the dominant flow. 4 And the drop radius should be constant because the contact line is fixed. By contrast, a step-like decrease in contact angle and drop radius is expected in a piling-to-buckling model because the drop would contract after the initial contact line becomes unpinned.
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The second goal of this study was to examine the effects of substrate surface and fluid concentration on visual appearance and chemical heterogeneity of the dried outer ring. Light microscopy and Raman spectroscopy were used to examine the morphology and chemical composition of the same drop. Light microscopy enabled visualization of morphological features on the macroscale (such as the surface smoothness and width of the outer ring) and the microscale (cracks, fern-shaped crystals, thin film accumulations, liquid crystals). Raman spectra were collected across the surface of the outer ring to assess chemical heterogeneity. Microscopy images and Raman spectra provided information on the geometric and chemical properties of the outer ring of dried biofluid drops. Microscopy images revealed that the final deposition pattern was affected by the substrate hydrophobicity. Raman data showed minor changes in bands corresponding to hydrogen bonding of aromatic amino acids when fluids were diluted. Raman maps of the outer ring showed spatial heterogeneity of protein distribution related to the starting concentration of the biofluid, with the most spatial heterogeneity observed in undiluted biofluids. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript DDRS and compared to x-ray evidence of osteoarthritis. The results from the earlier study are reported elsewhere. 17 In this study, we pooled any remaining individual synovial fluid specimens into +/ROA and -/ROA groups. The pooled synovial fluid was deposited onto gold-coated glass slides and examined by Raman microspectroscopy. The resulting transects were used to generate Raman maps of protein distribution in the outer ring. 2000-2400 images were collected from each camera. Side profile images were used to calculate drop geometric properties, left and right contact angle, drop diameter (radius) and drop height.
Drop Geometry Measurements
Raw images were imported into Matlab (The Math Works, Natick, MA, USA) and properties were calculated using routines written in-house. The GUI-based routine loaded a dataset of images. The user adjusted thresholds to select the drop's bottom edge, sides and background, and these parameters defined the drop region of interest. The drop height, left and right contact angles were refined by fitting a polynomial to the data and the drop diameter was calculated from the contact points. The drop was fitted with a high order polynomial approximating the x value as a function of the angle. Next, the point where the polynomial hits the reference line was found. Finally, a partial derivative was taken at the point where the polynomial hits the reference line. The y value was calculated using the same technique. Geometric properties were measured during three separate experiments and the results shown in Figures 1-2 show representative time
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Light Microscopy and Raman Spectroscopy
Microscopy images and Raman spectra were collected from dried drops. A Nikon E600 Raman transects consisted of 126 Raman spectra arranged at equidistant points along a line. Five transects were collected starting at 25 µm from the drop edge, spaced 20 µm apart, toward the drop center. Raman transects were collected at the drop edge at least 25 µm from the drop edge because the very edge of the drop was desiccated in preliminary tests. Raman maps of the area interrogated were generated from the five transects. Raman spectra from drops dried onto CaF 2 
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showed that the CaF 2 surface produced a large background signal that prohibited detection of Raman spectra from biofluid proteins, as shown in Supplmental Figure 1 ..
Raman Data Analysis
Raman data were imported into MATLAB software and corrected for curvature, dark current, and variations in the CCD quantum efficiency using in-house routines. 24, 25 Raman spectra collected from drops deposited on fused silica were not corrected for the fused silica background signal. Raman spectra were not corrected for water background signal. A mean spectrum was calculated for each transect and baseline corrected using a baseline fitting routine modified from the technique described by Lieber. 26 Baseline corrected spectra were intensity-normalized to the phenylalanine ring breathing band intensity at ~1002 cm -1 . Band intensity ratios corresponding to protein secondary structure were calculated in Matlab. 27, 28 Total protein content was calculated by summing the intensity of the 1003,1033,1206,1445, and 1655 cm -1 bands. 15 Table 1 shows the Raman band assignments. Raman maps of total protein content were generated from a ~150 µm x 100µm section of the outer ring to visualize protein distribution within the outer ring of the dried drop.
Results and Discussion
Biofluid drop formation dynamics
Biofluids have complex rheology and are highly concentrated in macromolecules including proteins and polysaccharides. Models of drop deposition have been developed based on experimental and theoretical examination of suspended particles or weakly-concentrated and chemically homogeneous solutions. Established models may not adequately capture the effects 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript of macromolecule entanglement, shear-dependent flow, and heterogeneous interactions that are commonly observed in biofluids. Our initial unpublished studies showed that synovial fluid and plasma typically formed ring-shaped deposits during drop deposition, but we also occasionally observed formation of a uniform deposition on the SpectRIM substrate. These initial studies indicated biofluids dry following a piling model. To supplement this observational information, a thorough examination of biofluid geometric properties as they dried was necessary. We initially hypothesized was piling behavior would be observed when biofluids were placed onto slightly hydrophobic surfaces (θ c =40-80°), such as fused silica, CaF 2 , and metal-coated glass and pilingto-buckling behavior would be observed if the drop was placed onto a more hydrophobic surface 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 As shown in Figure 2 , synovial fluid behavior may be sensitive to the substrate surface and concentration. We hypothesize that synovial fluid rheology and macromolecule interactions may be responsible for the observed differences in drying rates. In particular, entanglement and molecular structure properties of hyaluronic acid chains are the primary contributors to the sheardependent rheology of synovial fluid. 20 Future work to characterize synovial fluid rheology with its drop deposition behavior will study this hypothesis.
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Light Microscopy of Dried Plasma Drops
We observed that substrate surface and fluid concentration had an effect on the visual features of plasma and synovial fluid dried drops. The effects of plasma concentration (columns) and contact angle/substrate hydrophobicity (rows) on the deposition pattern of plasma are shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript concentration and was more pronounced on substrates with poor wetting. In most cases we observed a smooth film-like ring at the drop edge with crystalline fern-shaped deposits in the drop center. However, the substrate surface affected the width of the outer ring relative to the size of the drop. Because of the moderate wetting properties of CaF 2 , gold-coated glass and fused silica, capillary flow was sufficiently high to enable ring formation and we observed a coarse separation of plasma components. The ring width appeared similar for plasma deposited onto CaF 2 and gold-coated glass, a narrow ring was observed on fused silica and a wider ring was observed on SpectRIM. Also observable in Figure 4 are visual features such as spiral cracks. At higher magnification, other visual features on the microscale could be observed including thinfilm accumulations, cells and kerns in the outer ring and fern-shaped deposits in the drop center. 
Raman Spectroscopy and Mapping
Raman spectra of synovial fluid drops were composed primarily of protein bands, similar to those reported in our previous study. 17 Raman spectra collected from dried plasma drops showed that the chemistry of the protein-rich outer ring of the dried drop did not change when the same biofluid was dried on different substrates. Dilution of plasma affected both the optical properties and the amount of free water in the dried drop. Substrates were chosen for their compatibility with Raman spectroscopy. While the substrate affected the gross morphological features of the Analyst Accepted Manuscript final deposition pattern, the hydration and conformation of biofluid proteins were preserved. The effects of substrate surface on Raman spectra are presented in Figure 5 that shows representative spectra of diluted plasma (0.5v/v) after drying on a) fused silica, b) SpectRIM and c) gold-coated glass. The choice of substrate did not interfere with collection of signal from the drop, except for minimal background signal from fluorescing impurities in fused silica, shown in the top spectrum of Figure 5 . This minimal background signal from a fused silica substrate was also reported in another DDRS study. 29 We did not observe any background signal from gold-coated glass and SpectRIM substrates. A strong background signal from CaF 2 prohibited collection of adequate spectra from drops deposited onto calcium fluoride.
The Raman spectrum is representative of proteins, and we interpret the Raman spectrum as a fingerprint of the biofluid's proteomic profile. Protein secondary structure can be estimated by deconvolving bands in the amide III (1200-1300 cm -1 ) and amide I (1600-1700 cm -1 ) regions.
Fluid concentration, simulated here by diluting pure biofluid, has an effect on Raman bands near the amide I region at ~1500-1700 cm -1 , which was independent of the substrate. Figure 6a illustrates this effect for plasma samples deposited onto gold-coated glass, and this effect was also observed in synovial fluid dilutions. Shown in Figure 6a , Raman bands at ~1603 cm -1 and 1617 cm -1 corresponding to aromatic amino acids are less resolved in spectra collected from drops of diluted plasma. However, dilution did not affect the relative abundance of α-helix and random coil secondary structure, measured by the intensity ratio of amide I bands at 1655 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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SpectRIM, shown in Figure 6b , where the normalized 1655 cm -1 intensity increased in DDRS of diluted plasma. We hypothesized that dilution of plasma affected the Raman measurements in two ways. The first effect is concentration of optical scattering and refractive index. Optical scattering increases with concentration, resulting in a wider surface area of Raman scattered photons and decreased collection efficiency. A higher plasma concentration may also result in a higher index of refraction. We believe optical scattering and refraction are minor effects that are offset by the increased number of Raman scattering molecules. The second factor is the presence of additional free and bound water. An earlier DDRS study of aqueous protein solutions showed that water had a minor contribution to the DDRS spectrum. 13 But, our results suggest that water may have larger contributions in biofluid spectra especially because water is bound to macromolecules such as proteins or glycosaminoglycans. In addition to the reduced spectral resolution, we found that the width of the 1633 cm -1 band, arising from water O-H bound to plasma proteins with minor contributions from free water, also increased in dilute drops. 30 Raman maps of the outer ring of dried synovial fluid drops showed spatial heterogeneity in the protein distribution which was dependent on fluid concentration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript on the drop surface. Raman maps, also shown in Figure 7 , were generated from the sum of intensities of the 1003,1033,1206,1445,1655 cm -1 bands as a spectroscopic marker of the amount of protein present. 15 The spatial distribution of proteins varied with concentration. In diluted synovial fluid, proteins in the outer ring were either uniformly distributed (a) or localized in a stripe (c). Undiluted synovial fluid contained higher relative signal and non-uniformly distributed (panels b and d) within the ring. We hypothesize that the higher viscosity in undiluted synovial fluid resulted in localized stick-slip motion and non-uniform protein deposition.
Conclusions
Drop deposition is a simple, yet powerful, technique to prepare biofluids for a variety of analytical tools. In this study, two model biofluids were examined. In the first set of studies, geometric profiles of drying biofluids were calculated using home-built instrumentation and custom software to determine if the evaporation process could be explained using existing models. We found that the model biofluids followed the piling model of drop deposition under most circumstances. In the second set of studies, we examined the effects of substrate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript on the morphology of the dried drop, the chemical composition and molecular structure of dried proteins within the outer ring were unaffected.
The ultimate goal of these studies is to improve the efficiency and diagnostic potential of biofluid drop deposition. Because the evaporation process is akin to a micro-scale crystallization process, experimental parameters such as substrate and drying conditions can be controlled to ensure that the desired type of deposit is routinely obtained. Once the proper conditions are identified, it is possible to consistently produce a deposition pattern. Depending on the application, it is desirable to obtain a homogeneous deposit or a ring-shaped deposit. In our previous study of synovial fluid, the coarse separation produced in a ring-shaped deposit enabled DDRS classification of fluids that were contaminated by vial additives (Supplemental Figure   6 ). 17 By contrast, FT-IR analysis of dried biofluids is more sensitive to film thickness and a uniform deposition is desirable. There are elegant solutions reported by the FT-IR community including robotic liquid handling, homogeneous drop formation and multivariate data analysis. [31] [32] [33] Potential basic science studies include functionalizing the substrate surface to mimic biological surface lubricity. In another approach, tryptic digestion or mass-specific filtration can be used to prepare biofluids prior to drop deposition to determine how high or low molecular weight components affect biofluid evaporation behavior. High-speed video microscopy, combined with quantum dot or fluorescence molecular tagging, may enable visualization of three dimensional flows. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript SpectRIM (middle) and gold-coated glass (bottom). The Raman spectra were composed of protein bands, assigned to functional groups and secondary structure in Table 1 . The choice of substrates had minimal effect on observation of Raman protein bands. However, we did observe some residual background signal from the fused silica substrate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript Tables   Raman Shift ( Table 1 . Band assignments of Raman spectra collected from dried plasma and synovial fluid drops. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript
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